Medullary thyroid carcinomas (MTCs) are rare neoplasms comprising 2-10% of all thyroid malignnancies. More than 75% are sporadic tumors and the remainder is familial and MEN2 related. Both sporadic and syndromic MTCs frequently show mutations in the RET proto-oncogene. It has been noted that some MTC cases present an indolent, and some an aggressive clinical course. Ki-67 expression is generally low, with documented exceptions, whereas high expression of Bcl-2 has been reported in majority of the cases. Some studies have shown that Ki-67 and Bcl-2 expressions have prognostic value, as well as RET mutational status. We analyzed 20 unrelated MTC cases for Ki-67, Bcl-2 expression and RET mutations and tested their intercorrelations, correlations to the morphologic features and stage of the tumors, as well as their influence on survival. In 13 of the 20 analyzed cases we found 23 sequence changes distributed in exons 8, 10-13 and 16. There were 11 different missense mutations, single nucleotide deletion with frameshift, and 8 different synonymous mutations. Only 4 of the sequence changes have been previously published. Twelve patients (60%) had tumors expressing one or more missense mutations or single nucleotide deletion and 7 of them (35%) had at least one damaging or possibly damaging RET mutation. Most of the tumors had low Ki-67 expression (mean 6.48% of cells) and high Bcl-2 expression (mean 68.3%). Significantly better survival was observed in cases with low Ki-67 (< 6.5%; p < 0.05), high Bcl-2 expression (> 68.3%; p < 0.01) and younger age at diagnosis (< 51 years; p < 0.05).
Introduction
Medullary thyroid carcinomas (MTCs) are rare neoplasms comprising 2-10% of all thyroid malignancies [1, 2] . Most of them appear as sporadic (75-80%), and the reminder as familial and MEN2 related cases [1, 3, 4] . According to the US National Cancer Institute (NCI) the incidence of MTCs in the US ranges between 500-1000 cases per year (in a population of 300 mil.), or 2-3% of all thyroid cancers which incidence is 37300 cases per year. According to the statistics from France and USA 43% and 44% of MTCs, respectively, are familial cases, and frequently associated with MEN2 syndrome, while in Sweden, this percentage is much lower -around 26%. According to the NCI estimation, the same percentage should be applicable to Europe in general [2] . Having in mind the aforementioned proportions, data from the Macedonian Institute for Public Health, the Institute of Pathology and the Institute for Radiotherapy and Oncology in Skopje, there should be 2-3 newly diagnosed cases of MTC in Macedonia (population of approx. 2 mil.) per year.
However, in the last 15 years we have diagnosed only 22 cases and none of them was MEN2 related, neither a case of Familial Medullary Thyroid Cancer (FMTC).
It has been noted that some MTC cases present an indolent, and some an aggressive clinical course [1, 4, 5] .
In general, addressing the issue of Ki-67 there are reports about very low Ki-67 expression in all MTCs [6] , with documented exceptions [7] , whereas for the Bcl-2, high expressions have been reported in majority of the cases, and some studies have shown that Bcl-2 expression has a positive prognostic value [8] .
RET proto-oncogene mutations are frequently found in MTC, as well as in pheochromocytoma and paraganglioma, especially in familial and multiple endocrine neoplasia 2 (MEN2) -related cases [1, 3, [10] [11] [12] [13] [14] . RET mutations are also associated with variety of other pathologic conditions in humans, including Hirschsprung's disease and malformations of the urinary tract (3, 10, (15) (16) (17) (18) (19) . More than 400 different single nucleotide polymorphisms and mutations in the coding sequence of the ret proto-oncogene have been published [20, 21] . Some of them are more frequent in specific disorders, and some of them have impact on the clinical expression of the disease [5] . In general gain-of-function mutations, frequently encountered in MEN2 and Familial MTC, are usually located in one of the six highly conserved codons including codons 609, 611, 618, 620 in exon 10, and codons 630 and 634 in exon 11 that code for cysteine [15] . Most of the clinically relevant mutations published up to date are located in "risk exons" 8, 10, 11, 13, 14, 15 and 16 [1, 3, 5, 13, [22] [23] [24] [25] [26] [27] . RET mutations have been found in sporadic MTC also, with a frequency from 23% to 70 % in different series [28] [29] [30] [31] [32] [33] [34] . In most such cases the mutation involved is a MEN2B-like (M918T), although other codons may be involved as well [28, 33] . Cases with somatic deletions have been descrybed as well [30, 31] . Several studies have shown correspondence between specific RET mutations and the disease phenotype, as well as the aggressiveness of the MTC [30, 35, 36] . The mutation M981T has been recognized as an aggressive one and majority of patients with this mutation in germline sate usually die at young age. Opposite to this, mutations like Y791F or A883T have not been associated with MTC at all, at least not in heterozygous state [36, 37] .
Aim
The aim of our study was to determine the incidence and spectrum of RET mutations in Macedonian patients with apparently sporadic MTC, and explore possible correlations between the presence of RET mutations and the immunohistochemical expression of Ki-67, Bcl-2 and disease outcome.
Patients, material and methods
We retrospectively analyzed group of 20 unrelated MTC cases (7 males and 13 females) diagnosed in 15 years period at the Laboratory for pathohistology and clinical cytology from the Institute for Radiotherapy and Oncology and the Institute of Pathology, Medical Faculty, Skopje. Besides the standard histopathological analysis including the routine immunohistochemistry, for all of the cases we had immunostainings for the Ki-67 proliferation marker and the anti-apoptotic marker Bcl-2 previously done. Immunostainings (EnVision Flex visualization system and PT link pretreatment, DAKO, Denmark) for Ki-67 (clone MIB-1, dilution 1 : 25, DAKO) and Bcl-2 (clone 124, dilution 1 : 50, DAKO) have been quantitatively re-evaluated by two pathologists independently using the Image Analysis Software LuciaM. Positive signals were counted in 5 sets of 1000 cells, and results were recorded as percents. In our analysis we also included the following parameters: the greatest tumor diameter, presence of lymph node metastases at the time of operation, the stage of the disease, as well as the time from the primary operation until the eventual recurrence and/or appearance of lymph node or distant metastases, and survival of the patients. We incorporated the clinical data from the University Clinic for Thoracovascular Surgery and from the Institute for Pathophysiology and Nuclear Medicine in Skopje. All tumor samples were tested for RET proto-oncogene mutations in exons 1-19. In cases where mutations were found, after obtaining an informed consent from the patients willing to undergo genetic testing in accordance with institutional and national regulations, we tested patients' DNA for germline mutations.
Tumor and genomic DNA Five micron -thick sections from each of the selected paraffin blocks were deparaffinized on glass slides by heating at 65 o C for 1 hour, followed by immersion in xylene for 2 minutes, absolute ethanol, 70% ethanol, and distilled water for 2 minutes each. After deparaffination each sample was transferred into separate sterile test tube for further DNA extraction using Dynabeads® DNA DIRECT™ Universal kit (Life Technologies -Invitrogen, Darmstadt, Germany) according to the manufacturer's protocol. Genomic DNA was extracted from peripheral blood or buccal swab using the same kit.
PCR and post-PCR analysis
Exons 1-19 of the Ret proto-oncogene were amplified in separate hot-start touch-down PCRs (Tab. 1) on Auto-Q Server Thermal cycler (Quanta Biotech Ltd, UK). All data were analyzed with "Statistica" software [42] , using both descriptive and analytical statistics (parametric and non-parametric correlations, t-test, Chi-square, Kruscal-Wallis ANOVA and median test, Mann-Whitney U test and survival analyses).
Results
The mean age of the patients at the time of diagnosis was 51. 
Figure 2 -Distribution of the patients according to the disease stage
Ten of the patients died during the follow up (3 males and 7 females). One of the Stage II patients (MTC18) developed multiple nodal metastases 50 months after the primary operation and died at 128 months after the initial diagnosis. One of the Stage III patients developed multiple lymph node metastases 19 months after the primary operation and died at 37 months after the initial diagnosis, while another one (MTC12) developed distant metastases (rib and liver) 51 months after the primary operation, and was still alive at 139 months after the initial diagnosis. Table 2 lists the clinical data and morphologic features of the cases with RET mutations. Dg. = diagnosis; pT = T parameter of pTNM; pN = lymph node status from pTNM
RET Mutations
In 13 of the 20 analyzed tumor samples from 20 different and unrelated patients we found total of 23 sequence changes distributed in 6 exons (exons 8, 10-13 and 16). Among these 23 sequence changes there were 11 different missense changes, a single nucleotide deletion with frameshift, and 8 different synonymous sequence changes (Tab. 3). Eight of the total sequence changes were located in exon 12 (5 different missense mutations -one of them in 2 patients; and 3 different synonymous mutations), 5 were in exon 11 (1 single nucleotide deletion with frameshift, 2 different missense changes -one of them in 2 cases; and 2 different synonymous mutations), 4 in exon 16 (3 different missense and 1 synonymous mutation), 2 in exon 13 (1 missense mutation and 1 synonymous polymorphism in 2 cases), 1 missense mutation in exon 10, and 1 synonymous mutation in exon 8 (Tab. 3). germ. = germline mutation; homozyg. = homozygous mutation; splice var. = splice region variation; "rs" codes in brackets denote the reference codes of the previously published sequence changes.
Germline sequence changes were detected in 4 of the patients:
Polymorphism L769L (rs1800861) homozygous in patient MTC3 and heterozygous in patient MTC13; polymorphism G691S (rs1799939) in heterozygous state in patient MTC10; and L534L heterozygous (previously unpublished to the best of our knowledge) in patient MTC17.
Only 4 of the sequence changes have been previously published: -3 of the missense polymorphism and mutations: G691S (rs1799939), M918T (rs74799832) and A680T (rs184498773); and -1 of the synonymous polymorphisms: L769L (rs 1800861) There were 12 patients (60%) with tumors expressing one or more missense mutations/ polymorphisms or the single nucleotide deletion (c.2040delC). Seven of the patients (35%) had tumors with at least one damaging or possibly damaging RET mutation including the two splicing variants (discussed further). None of the damaging missense mutations was germline, neither was the single nucleotide deletion. Likewise, none of the novel (previously unpublished) missense mutations, neither the splicing variants were detected in the control DNA samples from healthy individuals.
Electropherograms of some of the mutations are shown in Figure 3 . Immunostainings and other investigated parameters Most of the tumors had low Ki-67 expression (Fig. 4) (Fig. 5) . We found a significant difference between the tumors from patients who died during the follow up in comparison to the tumors from the patients who were still alive at the end of the follow up regarding the Ki-67 and Bcl-2 expression. Ki-67 was significantly higher in patients who died (mean 11. 45; St. dev. 12.2) in comparison to those who remained alive (mean 1.5; St. dev. 1.9) (p < 0.05) (Fig. 6) . Since the data were not normally distributed, and the Levene's test for homogeneity of variances was significant, we used the non-parametric Mann-Whitney U test to evaluate the significance of the differences.
Bo x & W h is k e r Plo t: Ki6 7 %
Me a n ± SE ± 1 . Significant correlations between the analyzed parameters are summarized in Table 4 . Table 4 Significant correlations between the analyzed parameters Spearman Rank Order Correlations 1 This correlation has not been elaborated further since the pN parameter is already incorporated in the Stage; pT = T parameter from pTNM; pN = Lymph node status from pTNM; Mutation = any sequence change; Damag. mut. = damaging mutation; Multiple Ex. = sequence changes in more than 1 exon Age of the patients and Ki-67 expression were in positive correlation to the disease outcome (p < 0.01 and p < 0.05 respectively), while Bcl-2 expression and presence of mutations (sequence changes in general) in multiple RET exons were in negative correlation to the disease outcome (p < 0.01 and p < 0.05 respectively). There was also a negative correlation between the age of the patients and presence of mutations and polymorphism in multiple RET exons (R = -0.54; p < 0.05). It must be emphasized that when speaking of "presence of mutations in multiple RET exons", included in this category are all of the detected mutations including polymorphisms and tolerant/neutral, as well as damaging RET mutations according to SIFT and PROVEAN algorithms. The same applies for the category "mutation" (Tab. 4) which was negatively correlated to the pT parameter of the tumors. A rather unexpected finding was the negative correlation between the greatest tumor diameter and the presence of damaging RET mutations, meaning that damaging mutations were more frequent in smaller tumors. This correlation must be evaluated carefully, since the severity of the novel RET mutations was calculated by available on-line algorithms and not actually observed previously in clinical cases. A rather peculiar correlation was the one between the gender and Ki-67 expression (R = 0.497; p < 0.05). Intergroup difference was significant at level p < 0.05 (Fig. 8) . Mann-Whitney U test: U=18.5; Z = -2.14; p < 0.05
Figure 8 -Ki-67 expression difference in tumors from male vs. female patients
Male patients had significantly lower mean Ki-67 expression (mean 1.14%; St. dev. 1.31) in comparison to females (mean 9.35; St. dev. 11.36) (p < 0.05).
Statistical analysis of intergroup differences revealed significantly younger mean age of the patients who survived during the follow up (mean 42 years; St. dev. 12.68) in comparison to those who died (mean age 60.3; St. dev. 9.1) (p < 0.01), (Fig. 9) . 
Figure 9 -Age at diagnosis for patients who survived vs. those who died during the follow up
Regarding the age and presence of multiple exon sequence changes, there was a significant age difference between cases with sequence changes in more than 1 exon (mean 37.5 years; St. dev. 6.45) in comparison to those with no RET mutations or mutation in one exon only (mean 54.6 years; St. dev. 13.68) (p < 0.05) (Fig. 10) . None of the patients who died during the follow up had sequence changes in more than 1 exon Table 5 ). Tumors with pT2 parameter had more frequently some kind of sequence change in the RET proto-oncogene (11 of 13) in comparison to tumors with pT3 parameter (2 of 7) (Fig. 11) .
C a te g o r iz e d H is to g r a m: p T x Mu ta tio n Se q u e n c e c h a n g e Similar frequencies were observed for the presence of missense mutations (Fig. 12) . Chi-square 7.21; p < 0.01; V-square 6.85; p < 0.01; Yates corrected Chi-square 4.90; p < 0.05
Figure 12 -Frequency of missense mutations according to the pT parameter of the tumors
Tumors with pT2 had more frequently at least one missense sequence change (10 of 13 cases) in comparison to pT3 tumors (1 of 7).
Tumors with mutations that were predictted to be damaging had also significantly smaller mean diameter (mean 2.92 cm; St. dev. 0.49) in comparison to the other tumors (mean 4.64 cm; St. dev. 1.8) (p < 0.01) (Fig. 13) . Mann-Whitney U test: U = 10,5; Z = 2.598; p < 0.01
Figure 13 -Greatest diameter of the tumors with damaging mutation vs. the rest of the tumors
Survival analysis showed significantly better survival of the patients whose tumors expressed lower Ki-67 than the mean Ki-67 expression of the whole group (6.48%) in comparison to those with tumors expressing Ki-67 in more than 6.48% of cells (p < 0.01), as well as better survival for the patients whose tumors expressed higher Bcl-2 than the mean value of the whole group (68.3%) compared to those with lower Bcl-2 expression (p < 0.05) (Figures 14, 15) . Similarly, survival analysis showed significantly better survival of the patients who were diagnosed at age younger than the mean age of the whole group (51,6 years) in comparison to those who were older than 51,6 years at the time of diagnosis (p < 0,05) (Fig. 16) . 
Discussion
The distribution of the patients according to age and gender is in accordance to other previously published studies [4, 6] who report slight female predominance, which in our case was higher than usual (1:1.85 male to female ratio), and 50 years mean age, similar to our mean age of 51.2 years. Most of the patients (n = 11) were in stage II by the time of operation, and the mean tumor diameter at operation was 4.13 cm (min 2.5 cm; max. 9.0 cm; med. 3.8 cm; St. dev. 1.72), which we consider a rather large tumor, although comparable to other studies [6] . However, it is quite unsatisfactory that none of the patients had been operated in stage I, although this could be easily explained by the fact that none of the patients was actually aware of being at an increased risk for MTC (i.e. positive familial history), which is on the other hand closely dependent on our ability to "recognize" such families. This implies a need for improvement of the screening process of patients/families at risk, and raising the awareness in the general population for the importance of thyroid gland screening. We can speculate that the missing cases in our series (up to the 30 predicted cases for 15 years period based upon data from European and US statistics) could be exactly those early stage cases that have re-mained undiagnosed. This possibility goes along with the fact that at least 20% of MTCs in Europe are expected to be familial cases (FMTC), and those are usually with milder disease course and affecting younger individuals, approximately 10 years earlier than the sporadic MTC [1] [2] [3] [4] 6] . From the 23 detected sequence changes in the RET proto-oncogene, 6 of the missense mutations including one of the splice variants (p.G736R and p.P706M in MTC3, p.G736R in MTC5, p.I602V in MTC8, p.M918T in MTC11, p.M918L in MTC13 and p.E713K splice var. in MTC18) detected in 6 of the 20 cases (30%) are probably damaging and could have possibly influenced the ontogenesis and/or tumor progression. The splice region variant p.E713K induces possible use of 2 cryptic splice sites which could lead to alternative transcripts with loss of 3 or 12 bases from exon 12, respectively. According to the splicing variant predicting software [43] , alternative splicing could result in breakdown of 5 usual enhancer sites and introduction of 2 novel enhancers, while at the same time providing 2 new silencers instead of the disrupted 3 usual silencing sites with overall unknown signifycance regarding the splicing process. However, in case usual splicing takes place, this mutation is predicted to be a damaging one. The other splicing site variation (c.2733T>G; p.G911Gsplicing var.) has been already described with a frequency of 0.2% in series of more than 500 large intestine tumors (COSM1560792; Ensemble) [20] . According to the splicing variant predicting software [43] this variation could result in possible use of 2 alternative splicing sites. In the first case 70 bases (of 71) of exon 16 would be skipped resulting in shorter and probably non-functional or product with diminished function. However, in the second case the splicing would result with a product missing 13 bases and consequent frameshift. In this case there is no appearance of the stop codon, but instead the product would present a new sequence containing a Protein kinase C phosphorylation site or transcript degradation. The rest of the missense mutations were predicted to be neutral or tolerable regarding the protein function. In this series all of the sequence changes were located in 6 exons (exons 8, 10, 11, 12, 13 and 16) , which is in concordance with other studies reporting that these are among the most frequently affected exons in sporadic and familial MTC, as well as in MEN syndromes altogether [1, 3, 5, 13, [22] [23] [24] [25] [26] [27] .
Only 4 of the 23 sequence changes that were found in our series were previously published (p.A680T -rs184498773, p.L769L -rs1800861, p.M918T -rs74799832 and p.G691S -rs1799939). For the rest of the mutations and the single nucleotide deletion we were not able to find any records neither in the publicly available databases, nor in the available literature.
Thirteen of our patients (65%) had some kind of sequence change in the RET proto-oncogene. If patients whose tumors had only synonymous mutations and known polymerphisms were subtracted, 9 cases remain (45%) with probably significant mutations, and at least 6 cases (30%) with damaging RET mutation. Several other studies have confirmed somatic RET mutations in sporadic MTC with frequencies ranging from 23-70% [29] [30] [31] [32] [33] [34] . Regarding the germline mutations in apparently sporadic MTC, several studies have reported frequencies ranging from 1.5-22.7% in different series [13, 33] . In our series there were 4 patients (20%) with germline sequence changes: p.L769L (rs1800861) polymorphism homozygous in patient MTC3 and heterozygous in patient MTC13; G691S (rs1799939) polymorphism in heterozygous state in patient MTC10; and L534L heterozygous mutation (previously unpublished) in patient MTC17 -both the first and last of them synonymous and with no impact on the protein structure itself. The p.G691S was not predicted to be a damaging (it is in fact polymorphism) with the algorithms we used, although Yang et al. have reported it to be associated with vesico-ureteral reflux in French-Canadian population from Quebec [19] , which was not the case with our patient. There were no significant germline mutations in our series confirming the sporadic nature of the tumors. Presence of damaging RET mutation was not correlated to the disease outcome during the follow up, and there was no significant survival difference between the patients whose tumor had damaging mutation in comparison to the others., which is opposite to several other studies [27, 31, 44] . For example, Romei et al. [31] found somatic RET mutations in 8 of 18 cases of sporadic MTC. In 5 of the cases the mutation affected exon 16 (M918T) and in 3 cases exon 11 (C634A in 1 case and C634T in 2 cases). Six of those patients (75%) presented tumor recurrence or increased calcitonin levels during the postsurgical follow up in comparison to only 10% of the patients without RET mutation in tumor specimens (p < 0.05). This study setup clearly differs from ours, since we analyzed the overall survival of the patients and not the biochemical signs of recurrence. Elisei et al. [27] found that MTC patients with somatic RET mutation and advanced stage had significantly worse outcome and lower percentage of survival. However in these studies the age of the patients at diagnosis was not commented as a significant factor influencing the survival, although there are studies confirming that the age at diagnosis is the only independent prognostic parameter besides pTNM Stage correlated to the survival [6, 45] . We speculate that the influence of RET mutations on the survival was mitigated by the younger age of the patients, lower stage and smaller diameters of the tumors in which mutations were discovered (table 4). In our series the age at diagnosis was significantly correlated to the disease outcome, with younger patients having significantly better survival curve (Table 4, Figure 16 ). Another factor contributing for such results could be the relatively low frequency of mutations at codon 918 (only 10%) in our series in comparison to the others reporting frequencies of 20-80% [6] . This mutation is known as one of the most severe ones, and its lower frequency in our series might be influencing the loss of correlation between the presence of damaging (other than codon 918) RET mutations and survival of the patients. The Ki-67 expression was low, on average (6.48% of tumor cells), as expected and as published in other studies [6] . However in our series we encountered a rather odd phenomenon of significantly higher Ki-67 expression in women (mean 9.35% of tumor cells) compared to men (mean 1.14% of tumor cells) (p < 0.05).
We have no plausible explanation for this phenomenon, and we haven't found similar published results in the reviewed literature. However, the gender itself had no influence on the disease outcome neither was correlated to any other of the investigated parameters. Ki-67 was correlated to the disease outcome (R = 0.56; p < 0.01), and patients with Ki-67 higher than the mean Ki-67 expression of the whole group (5.6%) presented significantly worse survival curve than those with lower Ki-67 expression (Figure 14) . Opposite to the Ki-67 expression, we found high Bcl-2 expression averaging 68.3% of tumor cells. Our data generally correlate with the results from Cobanoglu et al. and Viale et al. [7, 8] who also found high Bcl-2 expression. However, in our series the average Bcl-2 expression (68.3%) is lower than that observed by Cobanoglu et al. who reported up to 90% positivity. This discrepancy has emerged because we had 4 patients with (extremely) low Bcl-2 expression (0.5%, 5%, 10%, and 20% respectively). Viale et al. found that 26 out of 33 MTC cases had Bcl-2 expression in more than 25% of the cells. They have reported longer survival in Bcl-2 positive cases. Likewise, in our study Bcl-2 was significantly higher in tumors from the patients who survived the follow up (mean 84.5%; St. dev. 19.64) in comparison to those who died (mean 52.1%; St. dev. 37.9) (p < 0.01). The patients whose tumors expressed Bcl-2 in more than 68% of the cells (the mean value for the whole group) presented significantly better survival than those with lower Bcl-2 expression.
In summary, our study is the first of this kind conducted on Macedonian patients with MTC to the best of our knowledge. Our results suggest that this population has significantly lower prevalence of somatic and germline mutations affecting codon 918 than reported in other populations. Ki-67 and Bcl-2 immunostainings for MTC specimens should be routinely performed since both markers show significant correlation to the disease outcome. Although RET mutational status showed no direct correlation to the disease outcome and overall survival in this series, we firmly stand behind the conclusions of other authors who favorite RET screening in patients with MTC at least for two major reasons: firstly, the notion that we miss at least 8 patients from the calculated incidence of MTC for the past 15 years, especially MEN2 and FMTC related cases, suggest possible flaws in the current screening and diagnostic protocols that could be overcome by implementation of molecular diagnostic on routine basis for all cases of MTC; and secondly, in near future patients with detected RET mutations could benefit from application of specific tyrosine kinase inhibitor based therapy.
